Detection of antigen-specific T-cells is critical for diagnostic assessment and design of therapeutic strategies for many disease states. Effective monitoring of these cells requires technologies that assess their numbers as well as functional response. Current detection of antigenspecific T-cells involves flow cytometry and functional assays and requires fluorescently labeled, soluble forms of peptide-loaded major histocompatability complexes (MHC). We demonstrate that nanoscale solid-state complementary metal-oxide-semiconductor (CMOS) technology can be employed to allow direct, label-free electronic detection of antigen-specific T-cell responses within seconds after stimulation. Our approach relies on detection of extracellular acidification arising from a small number of T-cells (as few as ∼200), whose activation is induced by triggering the T-cell antigen receptor. We show that T-cell triggering by a nonspecific anti-CD3 stimulus can be detected within 10 s after exposure to the stimulus. In contrast, antigen-specific T-cell responses are slower with response times greater than 40 s after exposure to peptide/MHC agonists. The speed and sensitivity of this technique has the potential to elucidate new understandings of the kinetics of activationinduced T-cell responses. This combined with its ease of integration into conventional electronics potentially enable rapid clinical testing and high-throughput epitope and drug screening.
The cellular response of antigen-specific CD8 + or CD4 + T-cells is mediated by the interaction of the T-cell antigen receptor with peptide-loaded major histocompatability complexes (peptide/MHC Class I or II, respectively) displayed on the surface of antigen presenting cells. 1 Recognition of these complexes by T-cells triggers a signaling cascade leading to activation and proliferation of effector T-cell populations. Detection of such T-cell subsets, which currently requires the use of labeled probes in conjunction with immunofluorescence and functional assays, [2] [3] [4] [5] [6] allows monitoring of antigen-induced immunity and is critical to understanding the natural course and designing efficient strategies for immune modulation and intervention. 7, 8 Peptide-MHC tetramers 7, 9 and dimers 8, 10 that bind to the T-cell receptor with high affinity have emerged as powerful tools for enumeration of the frequency and phenotype of specific T-cells in a variety of applications, including autoimmune disease and cancer. 8, 9 Rapid and inexpensive detection of antigen-specific T-cells upon exposure to antigens may offer the potential for pointof-care clinical testing. [11] [12] [13] [14] However, current state-of-theart technologies are laborious and require large numbers of cells and, most critically, do not validate a functional cellular response. Such validation is critical for assessing cells' therapeutic value in different disease states because antigenspecific T-cells may be present in an anergic state, and, hence, fail to undergo stimulus-induced activation.
14 Although the recent innovation of patterned MHC arrays has enabled high-throughput testing of rare T-cell populations, 5 the reliance on fluorescent biomarkers to determine cellular functionality may limit applications. Here, we use a labelfree sensing platform with a direct electronic readout to discriminate between specific T-cell populations within seconds. The speed, sensitivity, and ease of detection with this approach render it ideal for eventual point-of-care settings. 15 Nanowire-field effect transistor (NW-FET) devices have been recently demonstrated as ultrasensitive sensors for unlabeled reagents. [15] [16] [17] The current in a NW-FET (the "channel current") is dependent upon the amount of charge surrounding the device. The addition or removal of surface charges to these solid state devices modulates the channel current, thereby producing a direct electrical readout of bound charged species. The large surface area-to-volume ratio of NW-FETs maximizes the effect of surface charge on channel current, which in turn maximizes device sensitivity. [15] [16] [17] These devices are thus ideally suited for biomolecular sensing. Since the NW-FET surface is composed of silanol groups (hydroxyl groups bound to silicon), when configured as solution-phase sensors these devices are ideal for monitoring pH changes, 15 enabling real-time monitoring of cellular metabolic activity. [18] [19] [20] Live cellular measurements can be performed in buffers with physiologic salt concentrations (∼150 mM) because monitoring protonation and deprotonation on the NW-FET surface eliminates concerns over Debye screening, as these events occur well within the ∼0.7 nm Debye screening length. 21 We recently reported the complete fabrication of NW-FET sensors using conventional lithographic techniques (complementary metal-oxide-semiconductor, CMOS technology). 15 The use of CMOS technology to create such devices is critical because it enables sensors to not only be manufactured with high repeatability but also to be seamlessly integrated into on-chip electronics for signal processing. Thus, this device platform requires only minimal, inexpensive additional hardware. Here we demonstrate the applicability of this approach in detection of the antigen-specific immune response. We show that the enhanced temporal response of these devices enables, for the first time, direct electronic label-free detection within ∼1 s of stimulus-induced antigenspecific T-cell responses, a resolution previously only accessible with labeled assays. Additionally, the increased sensitivity of NW-FET sensors enables a response to be detected from ∼210 cells, fewer than ever previously reported with label-free approaches.
An optical micrograph of a completed device and reservoir is shown ( Figure 1A ). The reservoir is filled with a cell suspension to which the protein stimulus is introduced by direct injection with a pipet. Thus, no solution exchange occurs (no cells are added or removed; see Supporting Information, Figure 1 ). Mixing of the solution in the reservoir is performed manually with a micropipette for uniform delivery of the stimulus to all cells. The native sensor characteristics (the dependence of source-drain current (I SD ) on source-drain voltage (V SD ) for varying gate-drain voltage (V GD )) are shown in Figure 1B for a representative p-type device. 15 As the negative charge surrounding the device increases (becomes more negative), achieved by making V GD more negative, the current flowing through the device (I SD ) increases for all V SD . The inset in Figure 1B shows the I SD (V GD ) characteristic for V SD ) -10V for the same device.
Previous studies have demonstrated extracellular acidification within three minutes as a result of specific (peptide/ MHC) or nonspecific (mouse-anti-CD3 , anti-CD3) T-cell activation. 19 As illustrated schematically in Figure 1C , cellular release of protons in response to T-cell stimulation results in protonation of the silanol groups of the NW-FET. The resulting decrease in negative charge on the surface of the p-type NW-FET results in a decrease in the magnitude of the source-drain current, |I SD |. All subsequent data plots in this work define time ) 0 as the moment of protein or acid injection.
The system response time was investigated by directly lowering the pH of the solution in the reservoir. An acidic solution consisting of dilute hydrochloric acid dissolved in a 150 mM sodium chloride solution was added to and mixed with a weakly buffered solution present in the reservoir, resulting in a pH decrease of 0.5 units. The weakly buffered solution was obtained by making a 1:10 dilution of 1X phosphate buffered saline (PBS) in 150 mM sodium chloride. The final current level is reached ∼1.5 s after acid addition (Figure 2A 
Initial experiments focused on the utility of the device for detecting proton secretion due to activation-induced polyclonal T-cell signaling. Splenocytes isolated from a C57BL/6 (B6) mouse were suspended in a low-buffered solution and stimulated with anti-CD3 antibody. Extracellular acidification was observed to begin ∼8 s after injection ( Figure 2B ). Our previous characterization of a 1.5 s device response time indicated that the ∼8 s delay observed in Figure 2B was primarily due to intrinsic cellular processes. To ensure that extracellular pH changes were due to stimulation-induced cellular metabolic activity, we treated splenocytes derived from the same mouse with genistein, a tyrosine kinase inhibitor that inhibits the induced intracellular signaling cascade without affecting cellular viability. 19 In separate experiments, we noted that genistein, at the concentration used in this study, did not affect cell viability as assessed by trypan-blue staining. In the presence of genistein, addition of anti-CD3 antibody resulted in no change in solution pH ( Figure 2B ). This confirms that the positive response observed in untreated cells is due to anti-CD3 antibodyinitiated proton secretion from splenocytes, consistent with previous findings. 15, 19, 20 We next investigated the ability of this system to discriminate between well-established peptide-specific MHC restricted responses of T-cell clones. We stimulated murine splenocytes isolated from 2C and OT-1 transgenic mice with dimeric MHC ligands presenting their cognate and noncognate peptides. The observation that onset of extracellular acidification of T-cells upon stimulation with peptide/MHC after a lag of ∼40 s was longer than that measured for anti-CD3 antibody stimulation, ∼8 s. There are two candidate mechanisms potentially responsible for the observed delay: (1) the kinetics of T-cell activation are strongly affected by the dwell time of the T-cell receptor-activating stimulus. [24] [25] [26] Antibodies that trigger the CD3 complex bind with higher affinities (K d ∼ 1-10 nM) than peptide/MHC dimers (K d ∼ 50-150 nM), which may lead to faster intracellular signaling, resulting in earlier acid release. 27, 28 (2) A smaller population of responsive cells (typically ∼20-30% of all transgenic splenocytes are reactive to the specific antigen) may require a longer time for accumulation of the signaling molecules needed to achieve sufficient extracellular acidification.
We distinguished between these possible mechanisms by stimulating dilutions of OT-1 cells mixed with background splenocytes derived from B6 mice. Upon stimulation with cognate antigen ( SIIN K b ), we observed a decrease in device signal intensity with decreasing numbers of OT-1 cells, Figure 3C . The observed responses were produced by OT-1 splenocyte populations of approximately 28 000, 7000, and 700 cells for the 1:3, 1:10, and 1:100 dilutions, respectively. The onset of stimulus-induced extracellular acidification began ∼45-49 s for all dilutions, indicating that the strength of the stimulus, rather than changes in the cell density, was responsible for the delay. These data are consistent with previous studies that monitored the dynamics of intracellular calcium flux (which had similar response times 5 ) after stimulation with different agonists and showed that the apparent lag time after antigen-specific T-cell triggering correlated with signal strength. 29 The approach described in this report is well suited for label-free detection of stimulus-induced extracellular acidification within seconds after stimulation of a small number of cells, <210 (30% of 700). Though this work focuses on one specific cell type with variable specificities, it can be extrapolated to other systems because extracellular release of protons is triggered by a general signal transduction pathway as a result of the production of acidic metabolites or the activation of proton membrane transporters. 30 Nanowire-FET sensor sensitivity, rapid response time, small required sample volume, suitability for high-throughput analysis, and potential for integration into full electronic onchip systems position this technology for seamless application into basic and clinical settings requiring detection of T-cell antigen-specific responses.
